The aim of this study is to determine the types of heavy metals frequently present in Makkah wells and the possible environmental causes of their distribution and accumulation. Makkah lies in a mountain range dominated by different types of rocks from the Precambrian and Lower Paleozoic eras, as well as subordinate sedimentary rocks and basaltic lava flow from the Tertiary and Quaternary periods. Natural contaminants in Makkah wells water can be attributed to the unique location. Many epidemiological studies have identified associations between the ingestion of wells water contaminated with heavy metals and increased risk of some illnesses. This study presents exclusive information on the levels and distribution of 9 heavy metals-arsenic, barium, cadmium, chromium, cobalt, copper, lead, mercury, and selenium-in the wells water in various rural and urban areas of Makkah city. These naturally occurring elements are considered significant markers of water purity. More than 160 wells were involved in this three-year investigation. Water samples were collected during different seasons in order to assess any changes in the distribution and concentration of these heavy metals throughout the year. The collected water samples were filtered and digested before analysis using inductively coupled plasma mass spectrometry (ICP/MS). We found the following sequence of concentrations of heavy metals in the studied wells: Ba > Se >Cr > As > Co > Cu> Hg > Pb > Cd. Arsenic, barium, chromium, and selenium were the most abundant contaminants in the wells studied. The concentrations of the other heavy metals ranged from non-detectable to 3 µg/L. Although low, these values are also reported in comparisons with the local and international strict values and standards which govern the maximum contaminant levels permitted for long-term daily consumption.
Introduction
Water is essential for life on earth, and we can say that groundwater is generally presumed to be safe for human consumption and is used as a potential source of drinking water. The two main natural sources of water are surface water, such as lakes, rivers, and streams, and groundwater, such as borehole and well water [1] [2] . The four main water resources in the Kingdom of Saudi Arabia are surface water, groundwater, desalinated seawater, and treated wastewater. Of these, groundwater is considered the most important source of water in Saudi Arabia [3] [4] . Groundwater comes from shallow, renewable aquifers and deep, nonrenewable aquifers. Shallow aquifers contain a renewable water supply provided by rainfall and surface runoff. Shallow aquifers are affected by rainy seasons, which result in the dilution of heavy metals and other elements. Deep aquifers have a reservoir formed thousands of years ago when water was trapped in sedimentary rocks, such as limestone and sandstone [5] . Groundwater in the areas of Makkah selected for this study contains water mostly from nonrenewable sources, primarily runoff which seeped from metamorphic igneous rocks through the Wadi sediment to aquifers. Metal contamination of these aquifers can be predicted based on the type and composition of igneous and/or sedimentary rocks present. The selected wells in the Makkah area are in the southern Hijaz region, the west-central Arabian Shield. This area is dominated by different types of igneous, metamorphic, and sedimentary rocks from the Precambrian and Lower Paleozoic eras. In addition, there are subordinate sedimentary rocks and basaltic lava flow from the Tertiary and Quaternary periods. Mostly Precambrian intrusive rocks cover the area. Intermediate rocks, ranging in composition from diorite to tonalite predominate the Makkah batholiths in the Kamil suite. The dominant structural trend is northeast to north-northeast and reflects the three major phases of Precambrian deformation and Tertiary faulting [6] .
The unique chemical properties of water, including polarity and the ability to form hydrogen bonds, govern its ability to dissolve, absorb, and suspend a wide variety of compounds. Water in nature is not pure because it acquires contaminants from its surroundings, many of which are derived from humans, animals, and biological activities. Among the wide variety of contaminants dissolved either completely or partially in water are heavy metals salts, in which heavy metals defined as any metallic element that has a relatively high density or, more precisely, a specific gravity greater than 5.0 [7] . Heavy metals salts may include acetate, chloride, sulfate, nitrate, oxides, and hydroxides of arsenic, cadmium, chromium, cobalt, lead, mercury and selenium. They are harmful if swallowed and are toxic or poisonous at low concentrations because of their ability to bio-accumulate at low exposure concentrations. A higher concentration of these heavy metals can occur over time in the living body than in the environment. Some of these heavy metals constantly accumulate in living bodies; they are ingested and stored faster than they are broken down (metabolized) or excreted. The high toxicity of heavy metals at low concentrations (especially lead, mercury, chromium, and metals with multivalent properties) makes bio-accumulation a particular concern [8] . Among groundwater contaminants, such heavy metals constitute the greatest environmental concern [9] . Heavy metals in well water usually attached to colloidal particles and liquefied phases. In water bodies, heavy metals result from natural sources (minerals in eroding sediment, leaching from ore deposits, and volcanism extruded products) and from anthropogenic sources (solid waste disposal, industrial and domestic effluents, and harbor channel dredging). The contamination levels of heavy metals are higher in urban road dusts than urban soils. Moreover, the main sources of the metals in urban soils, urban road dusts and agricultural soils are also different [10] [11] . Some heavy metals, such as cobalt, copper, iron, manganese, molybdenum, and zinc, are needed at low levels as catalysts for biological enzyme activity; however, excess levels can cause severe toxicity in the human body [12] [13] . In addition, heavy metals may cause serious health problems with various symptoms depending on the nature and quantity of metal ingested. Toxicity is commonly caused when the metal either forms complexes with proteins or reacts with groups such as carboxylic acid and amine. The products of these reactions lead to the inactivation of important enzymes in the body and/or breakdown of the cells, depending on the degree of exposure and type of metallic contaminant. Food and water intake are the main routes of entry for arsenic in the general population. Food is generally the most important source, but in some areas, drinking water is a significant source of inorganic arsenic. Contaminated soils surrounding areas such as mine tailings and rock-cutting industries are potential sources of arsenic exposure. The relationship between chronic arsenic exposure and health effects is unclear. There are some relatively strong evidences correlating arsenic exposure to hypertension and cardiovascular disease, they are suggestively links arsenic to diabetes and reproductive effects and weakly to cardiovascular disease, long-term neurological effects, and cancer at sites other than the lung, bladder, kidney, and skin (World Health Organization) [14] . Barium is not considered an essential element in human nutrition [15] . At high concentrations, barium causes vasoconstriction by direct stimulation of arterial muscles, peristalsis by violent stimulation of smooth muscles, and convulsions and paralysis by stimulation of the central nervous system [16] . Depending on the dose and solubility of the barium salt ingested, severe health problems may occur in a few hours or few days. Associations between the barium content of drinking water and mortality from cardiovascular disease have been observed in several ecological-epidemiological studies [17] . Exposure to cadmium above the maximum contaminant level (MCL) for relatively short periods of time causes nausea, vomiting, diarrhea, muscle cramps, salivation, sensory disturbances, liver injury, convulsions, shock, and renal failure. Lifetime exposure to cadmium above the MCL has the potential to cause kidney, liver, bone, and blood damage [18] [19] . Chromium enters the air, water, and soil as chromium (III) and chromium (VI) cations through natural processes and human activities. Contaminated well water may contain the dangerous chromium (VI), or hexavalent chromium. Several studies have shown that chromium (VI) compounds can increase the risk of lung cancer and that ingesting large amounts can cause upset stomach, ulcers, convulsions, kidney and liver damage, and even death [20] [21] . Cobalt is a transition metal, and a high concentration of it in water cause toxicity. At various doses, cobalt and nickel salts have been reported to induce convulsions [22] , to cause DNA-strand breaks [23] , and to be organ toxins [24] . Cobalt salts are thought to promote the oxidation of reduced glutathione [25] , to lower the number of hepatic heme proteins such as cytochrome P450, and to interfere with heme metabolism by accelerating breakdown and inhibiting synthesis [26] . Although small amounts of copper is essential in the body, excess copper can be toxic and lead to hemolytic anemia, emotional problems, behavioral disorders, mood swings, depression, nephritis, schizophrenia, eczema, sickle cell anemia, and severe damage to the central nervous system [27] [28] . Lead is a cumulative poison and possible human carcinogen. Exposure to lead has been linked to the development of autoimmunity, causing joint diseases and ailments of the kidneys, circulatory system, and neurons. High concentrations of lead can cause irreversible brain damage [29] . Mercury toxicity results in mental disturbances and impairment of speech, hearing, vision, and movement [30] , followed by nervous-system damage and ultimately resulting in learning disorders in children and the severe breakdown of the nervous system [31] . Similarly to lead, mercury may cause the development of autoimmunity and irreversible brain damage [32] . Individuals who drink well water containing selenium that exceeds the MCL for many years could experience hair or fingernail loss, numbness in the fingers or toes, and/or circulation problems [33] [34] . Considering the strong scientific correlation between heavy metal exposure and chronic illnesses, it is of paramount importance to study the presence and levels of heavy metals in natural water sources.
The accuracy of the results depends on the methods and techniques used, which prompts a brief mention of the methods used to achieve the objective of this study: the detection and assessment of heavy metals. Through many years of study, reliable methods to detect heavy metals in drinking water have been developed [35] - [39] . Sample preparations include relatively simple acidification than direct injection and a more complex one the submission to total oxidation/dissolution procedure achieved under elevated temperature and pressure in the appropriate acid(s). Aqueous solution is obtained through steps of samples preparation through the suitable instrumental techniques [40] [41] . Preconcentration procedures are needed for most of the advanced sensitive analysis methods to avoid the insufficient sensitivity of the direct submission of the samples to analysis [42] - [46] . Solid phase extraction based on the adsorption of the trace metal ions in a suitable adsorbent such as activated carbon, Amberlite XAD resins, Chromosorb resins, and modified silica are required in some cases. Definitely solid phase extraction is an excellent method for the preconcentration of drinking water for analysis, regardless of the water type and source [47] - [51] . As concern over concentrations of trace metal ions in drinking water has increased, organizations such as the WHO, U.S. EPA, and European Committee have recommended concentration limits. Detection of the concentration of trace metal ions requires greater sensitivity than achieved by flame atomic absorption spectrometry; therefore, inductively coupled plasma mass spectrometry (ICP/MS) was utilized for water sample analysis in this study. The conducted research covered both rural and urban areas of Makkah city. Most of the city and the central zone are supplied with desalinated water from the national network. Wells are the primary source of drinking and agricultural water for both the remote rural areas [52] .
Materials and Methods

Site Selection
The groundwater in the areas of Makkah selected for this study contain well water mostly from sources consi-dered nonrenewable, frequently runoff water from metamorphic igneous rocks that seeps through the valley sediment to aquifers. Metal contamination in water from these aquifers can be predicted based on the type and composition of igneous and/or sedimentary rocks present. Figure 1 shows the a satellite image of the all wells location and the blue lines are the valleys, in the left up corner the small map represent the major sites that have been studied. Table 1 illustrates the coordinates of the major sites that have been studied and the name of each area with the symbol that have been selected for each area. 
Chemicals
All chemicals, reagents, and stock solutions of heavy metals (100 mg/L in 4% HNO 3 ) were ICP/MS-and ICP-grade, certified reference materials from Aldrich (U.S., nitric acid reagent/matrix, blank solution 5% in ASTM type water), Sigma-Aldrich (U.S., contract lab program AA/ICP hydrochloric acid reagent, matrix blank solution, 5% in ASTM type water), and Analytika (U.S., multi-element tune A, F and blank 2% HNO 3 ). Bottles used to transfer water samples to the laboratory were tested thoroughly and proven to be free of heavy metal contaminates and interferences. The preparation of standard solutions and calibration curves was carried out using stock solutions of 100 mg/L of ICP/MS-grade reagent. Serial dilutions were performed to obtain concentrations of 10, 20, 30, and 40 µg/L to cover the wide range of expected levels after quick screening. Nitric and hydrochloric acid (AA/ACP 5%) were used to make the dilutions and blanks.
Instruments
A quadruple ICP-MS system (XSERIES 2 ICP-MS, Thermo Fisher Scientific, U.S.) was combined with PlasmaLab Thermo Fisher 2007 software configuration and quadruple parameters. They were set to an integration range of around peak +/− (amu) 0.1, minimum/maximum settle time (µsecond) of 1500/15,000 and safe resting mass (amu) of 4.5. A ASX-520 auto-sampler was also used. The selected heavy metals had linear calibration curves ranging from 10 to 40 µg/L. The correlation coefficients for all metals ranged from 0.99961 to 0.973622. A 1:1 mixture of 5% nitric acid and 5% hydrochloric acid in 100 ml distilled/deionized water was used as a blank. The blank and the available deionized and distilled water used were analyzed and found to be free of any detectable heavy metals.
Well-Water Sample Collection, Times, and Locations
Water samples were collected from 9 areas, 6 in Makkah city (33 domestic wells) and 3 in rural locations surrounding Makkah (135 wells). Well-water samples were collected at different time intervals before and after the rainy seasons, although it rarely rains in Makkah. The frequency of sampling varied from once weekly to twice monthly during the three-year investigation. Unless stated otherwise, standard procedures were followed to collect, transport, pre-treat, and analyze the samples. Precautions were taken to avoid contamination during all steps. The EPA's Region II Low Stress Groundwater Sampling Protocol and Method 200.8 using the Thermo Scientific X-Series 2 ICP-MS were employed in this study. Non-disposable sampling equipment, including the pump, and support cable and electrical wires which contact the sample, were decontaminated thoroughly before each use. Containers for collecting samples were usually made of plastic or glass because these materials are relatively inert and easily cleaned. Glass containers were a good choice but were heavy and easily broken. Plastic containers had the advantage of lighter weight; however, they were not suitable for samples that were analyzed for organic compounds because of the potential for sample contamination from phthalate and other hydrocar-bons in the plastic or from the adsorption of the target analyte in the sample container. Glass containers were the best choice for organic constituents, but covers or caps were lined with Teflon. Sample containers were filled with care to prevent any portion of the collected sample from coming into contact with the sampler's gloves, thus causing contamination. Samples were not collected or stored in the presence of exhaust fumes. Once the sample was collected, it was stored and preserved to maintain the chemical and physical properties that it possessed at the time of collection.
Water Sample Storage, Filtration, and Digestion
The utmost care was taken to select the suitable sampling locations from the wells. Wide-mouth containers with Teflon-lined or polypropylene screw caps were used to collect and transfer water samples. The sampling containers were made of high-density polyethylene, and glass containers were used in cases where oil, grease, or creosote contamination was suspected. New containers underwent preconditioning before use. Containers were filled with water acidified with 5% hydrochloric acid and subjected to a 7-day leaching, followed by another 7-day leaching with water acidified with 5% nitric acid. Containers were rinsed with deionized water and allowed to air dry. Immediately before use, all bottles and containers were rinsed with a solution of deionized water and 10% reagent grade nitric acid or hydrochloric acid. The water samples from each well were collected in two 1-L bottles and immediately sent to the laboratory. The samples were kept in a refrigerator at 4˚C for stabilization until analysis. The water samples were analyzed for chromium (VI) levels on the same day as collection. The rest of the metal analysis was carried out within a week of sampling. Filtration was performed to remove any suspended particles which could dissolve during the digestion step and produce interfering values. Digestion of the clear filtrate was performed by acidifying 50 ml of the filtrate with 20 ml of acid mixture (5% nitric acid, 5% hydrochloric acid mixture: 1:1), followed by heating to 90˚C -85˚C for 2 h using an ultrasonic water bath. The reduced volume was made of up to 100 ml with the acid mixture and then cooled at room temperature.
Prepare Results and Discussion
The results show that the vary concentrations of the 9 metals studied-arsenic, barium, cadmium, Chromium, cobalt, copper, lead, mercury, and selenium-were found in these wells as shown in Figure 2 .
The most abundant metals were arsenic, barium, chromium, and selenium as illustrated in Figure 3 . Independent of the metals' differing toxicities, µg/L measurements of these heavy metals in the different wells found in the following trend: Ba > Se > Cr > As > Cu > Co > Cd > Hg > Pb. Again, these metals' degree of toxicity to humans varies, and the observed pattern does not mean that either barium or chromium are more toxic than arsenic. However, the pattern shown in Figure 3 demonstrates that the presence of these metals in well water from different areas of Makkah can be useful for making predictions. For example, the high concentration of chromium strongly indicates that arsenic, selenium, and barium will also be present. The first metal in this sequence, barium is present as a trace element in both igneous and sedimentary rocks and thus in Makkah wells. However, the barium levels in drinking water are not as important as total intake. In the most sensitive epidemiological study conducted to date, there were no significant differences in blood pressure or the prevalence of cardiovascular disease between a population drinking water containing barium at a mean concentration of 7.3 mg/L in comparison with a population drinking water containing barium at a mean concentration of 0.1 mg/L [53] (Brenniman et al. 1985) . Selenium is present in earth's crust and thus leaches into well water, often in association with sulfur-containing minerals. Levels of selenium in wells vary greatly by geographical area. Even in selenium-rich areas, the concentration in drinking water is likely to be small compared with that in locally produced food. Arsenic is found widely in Earth's crust in oxidation states of -3, 0, +3, and +5 and often as sulfides, metal arsenide, and arsenate. In water, arsenic is present mostly as arsenate (+5), but in anaerobic conditions such as deep in wells, it is likely to be present as arsenite (+3). Normally, arsenic concentrations in natural water sources are less than 1 -2 µg/L. However, significantly elevated arsenic concentrations in Makkah wells can account for the sulfide mineral deposits and sedimentary deposits in the igneous volcanic rocks surrounding the city. Chromium is widely distributed through the earth's crust; the nature of the crust and the rocks dictate its level in groundwater in any particular area. Accordingly, somewhat high concentrations were detected in Makkah wells, but they did not exceed In this work, chromium was measured as total chromium, but it can be present in water in hexavalent (chromate) and trivalent forms. Water-soluble hexavalent chromium compounds are extremely irritating and toxic to human tissue. They were detected in levels below the international and local standards for drinking water as shown in Table 2 . Daily intake is most important when considering human health. Chromate poisoning causes skin disorders and liver damage, and chromium is a dangerous contaminant in drinking water due to its suspected carcinogenic effects. Cadmium is released into the environment, especially groundwater, mainly from rocks in and around Makkah, cadmium has been found in shale, sandstone, limestone, metamorphic rocks, and stream sediment [6] , and it could have infiltrated deep wells in Makkah from these sources. Cobalt, like other elements, is introduced into water through the dissolution of minerals and ores and erosion of local rocks. This study searched for even trace amounts of cobalt because of some reports correlating it to negative health effects. Cobalt is as a common arsenic sulfide mineral, along with cobalt, copper, and nickel. However, cobalt was found in very low concentrations, and no link between it and arsenic was seen in Makkah wells. Surprisingly, copper was found at very low concentrations and Lead is found in veins that are often connected to igneous rocks. Galena (lead sulfide, the only natural source for lead) is also found in limestone as either veins or replacement deposits. Lead appears in well water by forming soluble salts but was found in very low levels in Makkah well water. Very low concentrations of mercury were detected, which again could be because the rock type does not contain or produce soluble mercury salts. Methylation of trace inorganic mercury has been observed in fresh water and seawater, although almost all mercury in uncontaminated drinking water is thought to be the Hg 2+ cation. Detecting minute traces of organic mercury such as methylmercury is difficult. The digestion process for mercury analysis was acidification followed by boiling to reduce the volume; however, no significant concentration of mercury was detected. The nine heavy metals studied were found in Makkah well water at extremely low concentrations, mostly within local and international standards. However, drinking water should not be polluted with even trace amounts of heavy metals, no matter what the source, natural or human. The average levels of all the nine metals detected are shown in Table 2 , along with the SASO, WHO, EPA, and EU standards for drinking water.
All the maximum averages were within local and international standards for drinking water, except for arsenic and selenium. The average maximum arsenic level in the 168 wells exceeded the recommended SASO, WHO, and EU limits, while selenium exceeded WHO and EU standards. More details are shown in Table 3 . Arsenic was detected in 72 wells (42%) at levels greater than 10 µg/L, exceeding SASO, WHO, and EU limits. Selenium was found in 102 wells (61%) at levels exceed 10 ug/L, exceeding WHO and EU limits. Barium levels were above 10 ug/L in 49 wells (29.5%), within local and international limits. Chromium was found in 79 wells (47%) at above 10 µg/L, again within the established limits.
Further investigation was conducted by comparing the maximum levels detected in each individual well and the recommended standards. Table 4 shows that arsenic, mercury, and selenium stood out. Arsenic concentrations of 50 µg/L were found in two wells, selenium concentrations of 42 µg/L in two different wells, and a mercury concentration of 1.2 µg/L in one well. This is noteworthy for any future comparison, that the documented high levels were only in not more than two wells.
Wells with minimum µg/L metal levels were found in different areas than those with maximum levels as shown in Table 5 . Wells with the maximum levels were distributed inside and outside the city, but most of the wells with minimum levels were found inside the city, specifically the city center. One explanation for this distribution is that the lowest point in the city is the city center, and thus, the force of gravity drives rainwater and floods from higher areas (areas around Makkah city, including rural areas) to the city center. Rainfall and flood water accumulate over the years and are renewed by occasional heavy rains. Another explanation is that the city's storm-water drainage network may also play a role. Further investigation is needed to target the possibility of any influence of the storm-water drainage system and to prove that the wells in the Makkah city center are supplied by renewal sources. The average levels of the four most abundant metals detected in Makkah wells (arsenic, barium, chromium, and selenium) are shown in Table 6 , along with their maximum levels.
In an attempt to use a single illustrative tool, Table 7 was generated to act as a quick reference for the presence of metal patterns [54] . Degrees of 4 to 1 (highest to lowest concentration in ppb) were assigned to each metal. The degrees representing metals found in the wells of different Makkah locations are shown. Chromium was the most prevalent, followed by selenium, barium, and arsenic, respectively.
The relation between elevation and water well contamination with heavy metals was investigated. The concentrations of heavy metals with altitude are illustrated in Table 8 . The numbers in general show that when the altitude increase the concentration of heavy metal decrease (inverse proportion). However, this is not a case with all heavy metals and could be due two to reasons; the first one is man-made contamination such industrial waste and the other reason is that the contamination due to the composition of rock which has an impact on the water quality.
Conclusion
Makkah city is not an industrial center and, as such, does not have significant human-caused air or groundwater pollution. The presence of contaminants such as heavy metals in well water, therefore, must be due to the geological features surrounding Makkah. This work provides a building block for future research to supply documented scientific evidence to determine whether it is necessary to use suitable filters in agriculture and medically sensitive facilities, particularly dialysis machines and schools that rely on local wells to minimize possible complications due to predictable levels of heavy metals. The wells with the fewest contaminants were inside the city. No significant influences on the levels of contaminants in Makkah wells were observed from either altitude or seasonal changes. More research is needed to monitor groundwater in and around Makkah to detect any unexpected changes in chemical composition due to the city's storm water drainage network. Well water in Makkah city and surrounding areas contains natural traces of heavy metals, primarily arsenic, barium, chromium, and selenium, at mostly stable levels year round.
